Background: Despite the pervasive and devastating effect of Essential Tremor (ET), the distribution of ET throughout the upper limb is unknown. We developed a method for characterizing the distribution of ET and performed a preliminary characterization in a small number of subjects with ET. Methods: Using orientation sensors and inverse kinematics, we measured tremor in each of the seven major degrees of freedom (DOF) from the shoulder to the wrist while ten patients with mild ET assumed 16 different postures. We described the tremor in each DOF in terms of power spectral density measures and investigated how tremor varied between DOF, postures, gravitational torques, and repetitions. Findings: Our method successfully resulted in tremor measures in each DOF, allowing one to compare tremor between DOF and determine the distribution of tremor throughout the upper limb, including how the distribution changes with posture. In our small number of subjects, we found that the amount of power in the frequency band associated with ET (4-12 Hz) was lowest in the shoulder and greatest in the wrist. Similarly, the existence and amplitude of peaks in this band increased from proximal to distal. Although the amount of tremor differed significantly between postures, we did not find any clear patterns with changes in posture or gravitational torque. Interpretation: This method can be used to characterize the distribution of tremor throughout the upper limb. Our preliminary characterization suggests that the amount of tremor increases in a proximal-distal manner.
Introduction
Essential Tremor (ET) is one of the most common movement disorders (Hubble et al., 1989; Louis and Ferreira, 2010) . It is described as a visible, persistent, bilateral, largely symmetric postural and kinetic tremor involving mainly the hands and forearms (Deuschl et al., 2000) . ET is progressive and adversely affects or limits subjects' ability to perform many common activities of daily living (Elble, 2000; Manto et al., 2007) .
Despite its high prevalence, the mechanical characteristics of ET have not been characterized throughout the upper limb. To clarify, many studies have used accelerometers (Hossen et al., 2013; Widjaja et al., 2011) , gyroscopes (Belda-Lois et al., 2007) , lasers (Carignan et al., 2012) , and EMG (Breit et al., 2008; Lauk et al., 1999; Raethjen et al., 2004; Timmer et al., 1998; Zhang et al., 2009 ) to quantify mechanical characteristics of ET and uncover important aspects of ET, including the frequency and amplitude (Elble, 2000; Elble et al., 1994) , dynamics (Gantert et al., 1992; Timmer et al., 1993) , response to loading Heroux et al., 2009; Heroux et al., 2011; Wenderoth and Bock, 1999) , and neural origin of ET (Elble et al., 1987; Schelter et al., 2006; Sommerlade et al., 2011) . However, almost all of these studies have focused on tremor at a single point (e.g. endpoint tremor) or in a single degree of freedom (DOF), often wrist flexion-extension. While this focus was appropriate for isolating specific aspects of ET, we do not know where in the upper limb ET originates mechanically (which muscles or joints), how it propagates, and how it is distributed throughout the upper limb.
Understanding the mechanical origin, propagation, and distribution of ET is important for improving our understanding of ET and developing assistive devices for patients. ET is commonly diagnosed and described through the use of clinical rating scales (Elble et al., 2006; Elble et al., 2013) and is often confused with other tremor disorders such as Parkinson's disease (Chouinard et al., 1997) or dystonia. Furthermore, ET is at least in part a diagnosis by exclusion, and it has been suggested that ET may actually consist of a number of distinctive subtypes (Elble and Deuschl, 2009; Zesiewicz et al., 2010) . A more thorough characterization of ET throughout the upper limb may uncover differences with other tremor disorders and subgroups within ET. In addition, treatment options for patients are limited, and many patients seek a low-cost, low-commitment alternative to medication and surgery in the form of assistive devices. One might envision a wearable upper limb device (e.g. an orthosis) specifically designed to suppress tremor. Developing such assistive devices requires an understanding of ET throughout the upper limb. As far as we are aware, only one study todate has investigated the distribution of ET among DOF of the upper limb. Rocon and Pons used gyroscopic sensors to measure the amount of tremor in four DOF (elbow flexion-extension, forearm pronationsupination, wrist flexion-extension, and wrist radial-ulnar deviation) in 21 patients with ET (Rocon & Pons, n.d.) . Among these DOF, tremor amplitude was found to increase proximal-distally, and tremor frequency was found to be similar between DOF. However, tremor distribution has not been characterized throughout the upper limb.
The purpose of this study was to develop a method for characterizing the distribution of ET in all 7 DOF from the shoulder to the wrist (shoulder flexion-extension, abduction-adduction, and internal-external humeral rotation, plus those listed above) and to perform a preliminary characterization in a small number of subjects using this method. Using orientation sensors and inverse kinematics, we estimated the tremor in each DOF and calculated measures describing the amount and frequency of the tremor. Furthermore, we used these measures to investigate how tremor varied between DOF, postures, and levels of gravitational torque to provide a preliminary characterization of ET from the shoulder to the wrist.
Methods

Subjects
Ten subjects participated in this study (Table 1 ). All subjects exhibited tremor in the upper limbs that was not limited to writing tremor and reported that they had been diagnosed with ET by a neurologist. Subjects with an age of onset before 20 or after 65 were excluded as early-and late-onset cases (Louis et al., 2009; Louis and Ottman, 2006) . Following procedures approved by Brigham Young University's Institutional Review Board, informed consent was obtained from all subjects, after which subjects were evaluated using the Fahn-TolosaMarin (FTM) tremor rating scale (Fahn et al., 1988) . The tenth subject had more than half of the statistically significant peaks in tremor power spectra (see below) for all subjects and was excluded from the analysis as an outlier.
Experimental setup
Subjects were seated on a stool (~19 in. in height) with no back, and one of their arms was fitted with four sensors from an electromagnetic motion capture system (trakSTAR by Ascension Technologies, Burlington, VT). The arm that exhibited more severe tremor was tested or, if tremor was reported to be the same in both arms, the subject's dominant arm was tested. Sensors were placed on the dorsum of the hand over the third and fourth metacarpals, the posterior aspect of the forearm just proximal to the wrist, the posterior aspect of the upper arm just proximal to the elbow over the triceps tendon, and over the acromion, straddling the acromial angle for stability. Each sensor was placed in a small, custom-made plastic to minimize rolling and taped in place. The system recorded the orientation of each sensor as three Euler angles with a time-varying sampling rate around 360 samples/s (mean ± SD of time between samples: 2.77 ± 0.48 ms), a static accuracy of 0.5°, and a resolution of 0.021°. The mass of each sensor, plastic holder and 6 in. of cable was approximately 2.6, 2.4, and 2.59 g respectively and was assumed to interfere minimally with natural tremor (on average for our subjects, this weight represented 1.1, 0.39, and 0.23% of the mass of the hand, forearm, and upper arm, respectively).
The body-fixed coordinate frames of the arm were defined according to the ISB recommendations (Wu et al., 2005) , with slight modifications for use with electromagnetic motion capture systems. Eight dots were placed on the subject's arm to mark anatomical landmarks and then used in conjunction with three orthogonal laser levels to orient the arm in a known position relative to the transmitter frame of our motion capture system (Fig. 1) . According to the ISB recommendations (Wu et al., 2005) , the origin of each DOF was in anatomical position.
Experimental procedure
Each subject placed their upper limb in sixteen different postures (Fig. 2) , holding each posture for 15 s. Once tremor was measured in all 16 postures, we repeated the process for a total of four repetitions. Postures were always assumed in numerical order. All postures were demonstrated to the subject, with special instructions for the following postures. Posture 1 was identical to the calibration posture. For posture 2, subjects were instructed to let their arm hang limp without active elbow extension. For postures 8, 15, and 16, subjects were instructed to move in a specific DOF to the limit of their comfortable range of motion (ROM) in shoulder extension, external humeral rotation, and elbow flexion, respectively. The forearm was pronated in posture 15. For postures 9-14 (wrist flexion, wrist extension, ulnar deviation, radial deviation, forearm pronation, and forearm supination, respectively), subjects were instructed to move from calibration posture in a specific DOF to the limit of their comfortable ROM and then chose a position that felt halfway between the limit and the starting position.
Data processing 2.4.1. Inverse kinematics
After resampling the sensor data at 360 Hz to obtain a constant sampling rate, we derived the joint angles for each DOF of the arm using inverse kinematics. The DOF of the upper limb were defined using ISB standards (Wu et al., 2005) except for the shoulder joint. The ISB standard defines the shoulder DOF using a Y-X′-Y″ rotation sequence, Clinical Biomechanics 52 (2018) 117-123 which places the calibration posture in gimbal lock. To avoid this issue, we used a Z-X′-Y″ rotation sequence based on the coordinate frame defined by ISB. Thus the 7 DOF measured in this study listed in order from proximal to distal are: shoulder flexion/extension (α h ), abduction/ adduction (β h ), and humeral rotation (γ h ) of the glenohumeral joint; elbow flexion/extension (EFE); forearm pronation/supination (FPS); and flexion/extension (WFE) and radial/ulnar deviation (WRUD) of the wrist. Because we measured motion at the glenohumeral joint instead of the thoracohumeral joint, we refer to α h , β h and γ h instead of shoulder flexion/extension, abduction/adduction, and humeral rotation. For each subject and posture, we calculated the gravitational torque experienced in each DOF (Supplementary material).
Measures
Tremor was quantified using four measures as follows. We first transformed all data into the frequency domain. More specifically, we used Welch's Method to estimate the power spectral density of each 15-s trial. To reduce windowing artifacts, we removed the mean from the time-series data of each trial before performing Welch's Method. Welch's Method was implemented using Matlab's pwelch function with Hamming windows of 1024 samples (2.8 s) and 50% overlap. The first measure represents the power in the frequency band commonly associated with ET (4-12 Hz). It was calculated as the area under the power spectral density curve between 4 and 12 Hz using the trapezoidal method. All trials with power beyond 3 standard deviations from the mean were considered outliers and excluded from further analysis. The remaining measures describe the peaks in the power spectra. We used a sliding-window constant-false-alarm-rate peak detection algorithm (McDonough and Whalen, 1995) using a 1 Hz window and 1.5 Hz sidebands to determine the existence of peaks over the 4-12 Hz frequency band. This method uses a statistical approach to determine peaks as those maxima that can be considered outliers compared to the surrounding data. More specifically, it compares the height of the maximum in a moving window to the mean and standard deviation of the data in the sidebands surrounding the window. Maxima are considered outliers and therefore peaks if they are a sufficient number of standard deviations above the mean. It is common practice in statistical analysis to identify outliers as those samples that are > 2-3 standard deviations above the mean. We chose the more conservative value of 3 standard deviations because it identified the same peaks we observed by visual inspection. If multiple peaks existed, we focused on the peak with the greatest statistical significance (i.e. the greatest number of standard deviations from the mean). The last three measures are peak existence (binary measure indicating whether a given power spectrum exhibited a peak) and, if a peak existed, the frequency and amplitude of that peak.
Data analysis
The mean and standard deviation of joint angles in different postures were calculated using circular statistics (Berens, 2009 ). We performed statistical analyses to determine the effects of various factors (DOF, posture, repetition, and gravitational torque) on the tremor measures (power and peak existence, frequency, and amplitude). To determine the effect of DOF, posture, and repetition on each measure, we performed separately for each measure a mixed-model ANOVA with DOF, posture, and repetition as fixed factors and subject as a random factor. The effect of gravitational torque on tremor in each DOF was determined by correlating the power in each DOF against the gravitational torque in that DOF. Because subjects exhibited different amounts of tremor, we performed the correlations separately for each subject and averaged the correlation coefficients.
Results
Typical joint angle data are illustrated in Fig. 3 . Means and standard deviations of joint angles were calculated for all 16 postures. Angle means were generally within 15°of expected values (nominal values based on Fig. 2 ). For postures with significant shoulder displacement (postures 3-7), the glenohumeral joint angles (α h , β h , γ h ) were quite different than the expected thoracohumeral joint angles. In particular, β h was only about − 35°for postures 3-5; for postures 6-7, α h was only about 50°. These differences were likely due to motion of the scapula relative to the thorax (van Andel et al., 2008) , movement of the skin over the scapula when the arm is abducted or flexed at 90°, patients' limited ROM, and difficulty in precisely copying the demonstrated postures. Also, postures with full elbow extension (postures 3, 5, 6) had elbow flexion angles on the order of 30°instead of zero. This difference is likely due to the elbow carrying angle and our definition of the elbow angle. The elbow carrying angle is usually 5-15°in men and 10-25°in women (Anglin and Wyss, 2000) , but for simplicity we assumed it to be zero. Also, to allow for a calibration method in which landmarks were aligned in the transverse plane, we used the wrist joint center as the distal landmark on the forearm instead of the ulnar styloid (Wu et al., 2005) , further reducing the likelihood of reducing the elbow flexionextension angle to zero. In addition, in postures with full elbow extension (3, 5, 6), γ h and FPS differed from the expected angles, likely because of soft-tissue artifact (known to be high for humeral rotation) and patients' limited ROM. Even with these exceptions, the vast majority of angle means were close to the expected values. Furthermore, our analysis focused on the changes in the angles that occurred over time in a given posture (tremor), not the absolute values of those angles.
The power varied significantly by DOF (p < 0.0001) and was greatest for WFE, lowest for β h , and roughly similar for the other DOF (Fig. 4) . We also found statistically significant differences in power between postures (p < 0.0001), but there were no obvious patterns underlying the differences (Fig. 4) . We expected similar postures to exhibit similar amounts of tremor, but they did not. For example, although postures 1 and 9-14 are similar (Fig. 2) , this group includes the posture with the lowest amount of tremor (posture 1) and one of the postures with the highest amount of tremor (posture 9). Other Fig. 1 . Calibration posture. During calibration, subjects were seated such that their sagittal, frontal, and transverse planes were parallel with the planes of the universal frame of the transmitter of the electromagnetic motion capture system. Subjects assumed the calibration posture shown by aligning 8 landmarks (a-h) in three planes using laser levels. More specifically, in calibration posture, the glenohumeral joint (a; defined here as the point that was equidistant from the acromion and the ventral and dorsal surfaces of the upper arm, and midway between the medial and lateral surfaces of the upper arm) and lateral epicondyle (b) were in the frontal plane; the lateral epicondyle (b), wrist joint center (c; defined midway between the radial and ulnar styloids), and center of the distal base of the third metacarpal (d) were in the transverse plane; and the glenohumeral joint (e), midpoint between the lateral and medial epicondyles (f) (marked in the antecubital fossa), wrist joint center (g), and center of the distal base of the second metacarpal (h) were in the same parasagittal plane.
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Clinical Biomechanics 52 (2018) 117-123 comparisons of similar postures likewise exhibited relatively large differences in tremor. We did not find any significant differences between repetitions for power (p = 0.67). Power was not well correlated with gravitational torque; averaged across subjects, the mean R 2 values were below 0.4 for all DOF (and below 0.2 for all DOF except γ h ). Only about 30% of observations had peaks in the frequency domain that were significant (as defined in the Methods section). Nevertheless, there were significant differences in the number, amplitude, and frequency of peaks between DOF (p < 0.0001 in all three cases). The three distal-most DOF (FPS, WFE, and WRUD) had the greatest number of peaks and the tallest peaks, and peak frequencies decreased slightly from proximal to distal (Fig. 5) .
Discussion
Despite its pervasive and devastating effect on upper limb function, we do not have a thorough understanding of how ET is distributed throughout the upper limb. This paper presents a method for determining the distribution of tremor in all major DOF from the shoulder to the wrist. This method relies on motion capture and inverse kinematics to measure the angular displacement due to tremor and calculate measures of tremor severity in each DOF. We have tested this method on a small number of subjects with mild ET and present preliminary results.
Methodology
While accelerometers, which measure linear acceleration, are the most common device used to measure tremor, characterizing tremor in each DOF requires inverse kinematics which are more easily performed with measurements of orientation (i.e. angle) instead of linear acceleration. Using orientation avoids problems such as drift, gravitational acceleration, and the influence of sensor location, which are common to accelerometers and complicate the inverse kinematics. Orientation measurements can be obtained through optoelectronic or electromagnetic motion capture systems, which can provide data quality comparable to accelerometry.
Rotations in multiple DOF are inherently more complex than Clinical Biomechanics 52 (2018) 117-123 translations in multiple dimensions, and Euler angles are sometimes difficult to interpret. We used ISB standards (with slight modifications for use with our electromagnetic motion capture system-see Methods) for the distal DOF of the upper limb (Wu et al., 2005) , where the axes and order of rotation correspond to anatomical axes and the natural hierarchy of DOF in the limb. However, the ISB standard for the shoulder places neutral shoulder position (anatomical posture) in gimbal lock (Anglin and Wyss, 2000) . Since we used neutral shoulder position for calibration and for many of our postures, using the ISB standard would have resulted in large errors due to gimbal lock, so we used a Z-X′-Y″ rotation order instead. Measuring the orientation of the skeleton using sensors attached to the skin introduces an error when the skin moves relative to the underlying bones (Cao et al., 2007) . The error due to such soft-tissue artifacts (STA) is believed to be most pronounced for large displacements from neutral position. Our experiment included many postures that were relatively far from neutral position and likely contributed to errors in the calculated joint angles (see Results). That said, our analysis focused on the changes in the angles that occurred over time, not the absolute values of those angles, so steady-state errors in the absolute values of the joint angles are unlikely to have had a large effect on our tremor measures.
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While some studies have investigated how adding weight to the subject's upper limb affects tremor, to our knowledge no studies have considered how the limb's own weight affects tremor or how that effect changes with the orientation of the limb. The algorithm presented here (Supplementary material) enables calculation of the torque exerted in each DOF due to the weight of all limb segments distal to that DOF for any posture, and it does so using the same sensor data used in the inverse kinematics, so no additional measurements are required. All of our dependent measures were calculated in the frequency domain using power spectrum estimation (PSE). PSE essentially averages a number of Fourier transforms and reduces the effects of noise on the calculated measures; it is therefore preferred over a simple Fourier transform. One disadvantage of using PSE is that it reduces the resolution in frequency, but measurements lasting 15 s provided sufficient resolution (0.35 Hz), which could be made even finer by simply extending the duration of each measurement.
Several minor changes could be made to improve the method presented here. Measuring shoulder tremor with respect to the torso instead of the scapula would increase clinical relevance (van Andel et al., 2008) . The inverse kinematics algorithm assumed a carrying angle of zero. Adjusting this to include mean carrying angles (measured with the elbow fully extended) (Anglin and Wyss, 2000) could improve the accuracy of the inverse kinematics. Adjusting the landmark calibration method recommended by ISB (Wu et al., 2005) to work for electromagnetic motion Fig. 3 . Example data showing the processing procedure from raw sensor angles (top row) via inverse kinematics algorithms to joint angles (middle row), from which we calculated the power spectral density (PSD) (bottom row), where all measures were calculated. The left and right columns show data without and with a clear peak in the tremor band (4-12 Hz) of PSD, respectively. The angles in the top row represent the azimuth (thick solid), elevation (dotted), and roll (thin solid) of the sensors mounted on the forearm (black) and hand (gray). The joint angles and PSD in the middle and bottom rows represent wrist flexion-extension (black) and radial-ulnar deviation (gray). Clinical Biomechanics 52 (2018) 117-123 captures systems would eliminate the need for the posture calibration method, which requires subjects to adduct the upper arm into the parasagittal plane (difficult for overweight patients) and hold a posture (difficult for patients with moderate-to-severe tremor).
Preliminary characterization
The main purpose of this paper was to present a method for characterizing the distribution of tremor throughout the upper limb, and to demonstrate the feasibility of this method in a small number of subjects. Thus the data presented here provide only a preliminary characterization of how tremor is distributed. A larger sample is necessary to obtain more conclusive results. Nevertheless, our sample was sufficiently large to identify some statistically significant effects.
We found significant differences in the amount of tremor between DOF. However, the pattern depended slightly on the measure. Power in the tremor band was greatest in WFE, lowest in β h , and roughly similar for the other DOF (Fig. 4) . In contrast, although peak amplitude was also lowest in β h , it exhibited a clear proximal-distal increase (Fig. 5) .
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On the one hand, power is a more robust measure of tremor than peak amplitude; power integrates all values in the tremor band of the power spectral density and is independent of the adjustable parameters required for peak detection. On the other hand, the proximal-distal increase in peak amplitude agrees with the findings of Rocon and Pons, who measured tremor in the four distal-most DOF (elbow, forearm, and wrist) (Rocon & Pons, n.d.) .
There were no statistically significant differences in power between repetitions. The four repeated measurements were taken over a period of approximately 30 min. This finding indicates that the power in subjects' tremor was relatively constant over this time, in harmony with a prior study that found relatively low diurnal variations in ET (Mostile et al., 2012) . This finding also indicates that any fatigue, if present, was too small to produce significant differences in the amount of tremor (as measured by power).
Only about one-third of trials exhibited significant peaks in power spectral density, likely due the mild nature of subjects' tremor (Table 1) and our relatively conservative peak-detection method. Because power spectrum estimation averages the Fourier transforms of multiple segments, it reduces or eliminates peaks that are not robust. Also, the sliding-window constant-false-alarm-rate peak detection algorithm (McDonough and Whalen, 1995) detects only those peaks that are statistically different from the surrounding power spectrum.
Some postures' tremor power was significantly different from those of other postures (p < 0.0001), but no meaningful pattern was discernable, and the cause of these differences between postures is unknown. Because ET is more associated with postural than resting tremor, we hypothesized that tremor would increase with gravitational torque since it is one of the main differences between rest and posture. We were therefore surprised to find that tremor was not well correlated with gravitational torque (R 2 < 0.4 for all DOF).
Perspectives
The end goal of this research is to develop the ability to 1) measure a patient's tremor throughout his/her upper limb, 2) determine for that patient the mechanical origin, propagation, and distribution of the tremor, and 3) identify the optimal location (DOF or muscle) to intervene to minimize the impact of his/her tremor on daily life. Intervention may include the use of a tremor suppression orthosis/ exoskeleton, sensory stimulation, botulinum toxin, or other methods. Reaching this end goal requires a number of steps. The first step (presented here) is to develop a method to measure tremor throughout the upper limb and quantify its distribution. The second step, determining the origin and propagation of tremor, will require an iterative combination of simulation and experimental studies. One currently unanswered question is whether the mechanical origin of the tremor is the optimal location to intervene to minimize the detrimental effects of tremor. Therefore, the final step is to determine how to use an understanding of the tremor origin and propagation to determine the optimal location to intervene. This step will require a combination of modeling and validation studies. Here we have presented the first step: a method for quantifying the distribution of tremor in the upper limb. Although tremor distribution will no doubt play a role in determining optimal tremor suppression strategies, the other steps must be accomplished before this role becomes clear. As mentioned, a secondary outcome of this research may be the identification of subgroups within ET, which could lead to improved differential diagnosis. However, reliably identifying subgroups would require a very large number of subjects. If markerless motion capture systems (e.g. Microsoft Kinect) continue to improve and reach sufficiently high accuracy, it may be possible in the future to develop methods for characterizing tremor throughout the upper limb that are fast enough for routine clinical use. This could enable the collection of tremor data from a very large number of subjects and allow subgroups to be identified, if they exist.
